CHAPTER 4

ABSORPTION, SCATTER, AND CROSS POLARIZATION
CAUSED BY PRECIPITATION

4.1 MIE AND RAYLEIGH THEORIES FOR ATTENUATION

Raindrops cause attenuation of radio waves by both absorption
and scatter. Absorption involves dissipation of some of the energy
of an electromagnetic wave as heat. Scatter involves diversion of
some of the energy of the wave into directions other than the
forward direction. In the case of a beam of electromagnetic
radiation, energy is scattered out of the beam. The term extinction
is applied to the sum of absorption and scatter.  Attenuation
crc])nstants can be defined for extinction, absorption, and scatter such
that

Qo = Agps T 8S. (4.1)

wherethea’ s are attenuation constants and can be identified by
their subscripts.

Analysis of absorption and scatter by rain drops has often been
based upon the assumption of spherical drop shape, but the recent
tendencyis to take account of the nonspherical form of drp: s. For
drops that are sufficiently small compared to wavelengthRayleigh
theory applies, but for drops that have sizes comparable to
wavelength the more complicated Mie theory, or refinements of it,
must be used. Drops with radii £ 170 um are essentially
spherical, whereas drops with radii betweem 170 and 500 um are
closely approximated by oblate spheroids. (An oblate spheroid is
formed by rotating an elipse about its shortest axis) Between
500 and 2000 um, drops are deformed into asymmetric oblate
spheroids with increasingly flat bases, and drops 22000 um
develop a concave depression in the base which is more penounced
for the largest drop sizes (Pruppacher and Pitter, 19 1). The
ratio of the minor to major axes o? oblate slﬁ)heroid drops is equd
to 1 - @ where aisthe radius in cm of a spherical drop having the
same volume. Figure 4.1 shows an example of the shape of a very
large drop.



Figure 4.1. Form of a very large raindrop (Pruppacher and Pitter,

1971).
The total or extinction power-density attenuation constant a for
rain can be expressed as P
« = J N Cext[nc’ a/x, |da (4.2)

where a summation is indicated over all drop radii a, nC is the

complex index of refraction of water which is a function of
temperature and frequency, and AO IS wavelength in air. Cext IS an

extinction coefficient and is shown as being expressed as a function
of n.and a/A o N(8) da represents the number of drops per cubic

meter in the size interval da and is determined by the drop size
distribution which is a function of rain rate. [ N(a) has units of
m™, and N(a) da has units of m=3.] *Distributions of drop sizes have
been determined empirically, the most widely used and tested
distribution being the Laws and Parsons (1943) distribution. The
Marshall and Palmer (194BR distribution is also well known, The
Laws and Parsons data (Table 4.1 ) obtained by collecting rain drops
in pans of flour do not provide N(a) da, but M(a) da, the fraction of
the total volume of water striking the ground due to drops of a
given size. To determine N(a) da, one must use M(a) da and alsc
v(a), the limiting terminal velocity of raindrops as a function of

size, in

ri

(@]



M(a) daR
N(a) da = (4.3)

v(a) &15.1

Here R is rain rate in mm/h, v(a) is in m/s, a is in cm, M(a) is
nondimensional, and N(a) dais inm™. The Laws and Parsons data
are obtained for a finite, rather than infinitessmal. value of da of
0.025 cm, and Eg. (4.2) is thus evaluated in’ practice as a
summation instead of an integral. Values of v(a) are given in Fig,
4.2.

The Marshall and Palmer distribution, made by making
measurements on dyed filter papers, has the form of
N(R,a) = No e* (4.4)

where R is rain rate and a is drop radius. N and No are sometimes

stated in units of cm”, corresponding to the number of drops Fer
cm’in a size range of one cm In radius. In these units No has the

vaue of 0.16. If aisin cm and R is in mm/h

c = 82 RO2 (4.5)

The number of drops in a volume V, in units of cnv’, having radii
between a and a + dais given by N da V. The Laws and Parsons
distri(but;on can also be approximated by an equation of the form of
Eqg. (4.4).

The determination of C_, hasbeen commonly based on the Mie

theory for spherical drops (Kerr, 195 1; Kerker, 1969; Zufferey,
1972). In this case Cext has the form of

%2
C et [nﬁ, a/AO] = (\2/2) Re n’%‘l(zn +1) (+b) (4.6)

where >\o is wavelength in air and an and b are coefficients

involving spherical Bessel and Hankel functions of complex
arguments. Cext and So, which gives the amplitude of the forward

scattered wave, are related by




Table 4.1 Laws and Parsons Distribution Giving the Percent of
Volume Reaching Ground Contributed by Drops of
Various Sizes, *

Drop Radius Rain Rate (mm/h)
a (mm) 025 125 25 125 25 50 100 150

0-0125 10 05 03 0.1
0.125-0.375 270 104 70 25 1.7 12 10 1.0
0.375-0.625 50.1 37.1 27.8 11.5 76 54 46 41
0.625-0.875 18.2 313 328 245 184 125 88 7.6
0.875-1.125 3.0 135 19.0 254 239 199 139 117
1.125-1.375 077 49 7.9 17.3 199 209 17.1 139

1.376-1.625 1.5 33 101 128 156 184 17.7
1.625-1.875 06 11 43 82 109 15.0 16.0
1.875-2.125 02 06 23 35 67 9.0 11.9
2.125-2.375 02 12 21 33 68 7.7
2.375-2.625 06 1.1 1.8 30 36
2.625-2.875 02 05 11 1.7 22
2.875-3.125 03 05 10 12
3.125-3.375 02 0.7 10

*Drop radius interval, da = 0.25 mm. Multip%)ercents » values
by 0.01 to obtain M(a) da, e.g. for 50 mm/h ah i. 125-1375 mm,
M(a) da = 0.209.

After J.O. Laws and D.A. Parsons, “The relation of dip size to
intensity,” Trans. of the A. Geophysical Union, pp. 452-4Q , 1943,

o Ay (4.7)

Coxt E\c,, a/Ao} =(4n/82)Re SO n
[ 1

where g _ is the phase constant 2n/A _.
o) o)
4-4



13 1 T

. 1 T 1 1 I Ib-loC_
600mb 0C
700mb 10C

800mb 15C
900mb 20C

1013mb 20C

1

10

TERMINAL VELOCITY, m sec™!
S al o ~ (o]

QO - N W

IR N NN U NN SR S S
0o f 2 3 4 5 6 7 8 9
EQUIVALENT SPHERICAL DIAMETER, mm

Figure 4.2 Terminal velocity of raindrops at Six pressure levels in
a summer atmosp here as a function of equivalent spherical
diameter. (From Bard, “Terminal velocity and shape of ¢ Eud and
;]>_reC|p|tation dro aloft " J. of Atmospheric Smences May 1976.)

he pessures 1 (13, 900, 800, 700, 600, and 500 mb correspond
roudly to altitudes of O, 0.98, 1.95, 3.0, 4.2, and 5.6 km
respectively of the U.S. Standard Atmosphere, 1976.

For frequencies of about 3 GHz and less, the Rayleigh
approximation can be used instead of the Mie theory For this case
Coy takes the form of

Co = (T2 @/ ) 6K /1K + 24K ] (4.8)

ext
where K. is the imaginary part of relative dielectric constant of
water and Kr Is the real part. The complex index of refraction n,

and complex relative dielectric constant Kc are related by ng = KC.
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An alternative procedure for determining the attenuation
constant involves calculating an effective complex index of
refraction m, for the medium in terms of So by use of

m.-1 = @n/B) LN(a) S, [nc, a/)\o] B

w w9 )

This approach has been described by van de Hulst (1957) and Kerker
(1969) but early consideration of the concept is attributed by Kerker
to an 1899 paper by Rayleigh and 1890 and 1898 papers by Lorenz.
The medium in question consists of water drops in empty space.
The imaginary part m.of the complex index m etermines the field

intensity attenuation constant a by use of
= B, m Nepers,/m (4.10)

The power density attenuation constant a_ Is related to the field
intensity constant by a = 2 a. To obtain attenuation in dB/m
multiply a by 8.68 or ho by 4.34. The phase constant 8 for the
medium can be obtained from g= ﬁo m.

Vaues of the rea part minus one and the imaginary part of the
complex index m, are shown in Figs. 4.3a and 4.3b. Plots of

rain rate versus frequency for specific values of the attenuation
constant are given in Fig. 4.4. These curves show that attenuation
increases with rain rate up to about 100 GHz or more.

42 EMPIRICAL RELATIONS BETWEEN RAIN RATE AND
ATTENUATION

Empirical relations between rain rate and attenuation constant
have been developed and are widely used for practical application.
In the remainder of this chapter the empirical relations will be

primarily what is used to estimate attenuation due to rain. These
relations have the form of

@, = af) ro® (4.11)
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where a and b represent values which are a function of frequency f
and R is rain rate in mm/h. The first observation of a relation of
this type, but with b = 1, is credited to Ryde (1 946). Vaues of
a(f) and b(f) have since been determined by several workers
including Zufferey (1972) who gave sets of values for light and
heavy rain, the dividing line being taken as 10 mm/h. Olsen,
Rogers, and Hedge (1978) have analyzed the relation thoroughly and
derived tables of values of a(f) and b(f) for the Laws and Parsons
and Marshall-Palmer distributions and for the drizzle and
thunderstorm distributions of Joss. Ther tables include the rarge
from 1 to 1000 GHz for temperatures of O, 20, and -10 degC.
Values based on the Laws and Parsons distribution for frequencies
of 15 GHz and lower for O deg C are given in Table 4.2. The values
LPL apply for low rain rates, and LPH values are for high rates,

with some overlap. We take 30mm/hto be a suitable dividing line
and assume that either set of values can be used for that rate.
Figure 4.5 snhows values of attenuation constant as given in CCIR
Report 721-2 (CCIR, 1986a). In addition estimates of the
attenuation constant for frequencies below 10 GHz can be taken
from Fig. 4.4. For frequencies of 3 GHz or less values of the
attenuation constant can be calculated by using Eqg. (4.8) for Cext‘

The widely used constants provided by Olsen, Rogers, and
Hedge (1978) apply to spherical drops for which attenuation is
independent of wave polarization. Attenuation for spheroidal drps

depends on wave polarization, and Table 4.3 gives values of it e -

constants a and b for vertical and horizontal polarization. Values
for arbitrary polarization, including circular, can be derived from
those for vertical and horizontal polarization by use of

a = [ay tay + ay - a) cos?0 cos 2t /2 (4.12)
b = [ab,+ avbv+ (aHbH'ava)coszecos 2t 1/ 2a (4. 13)

The subscripts H and V refer to horizontal and vertical polarization.
The angle © is the elevation angle of the path, and T is the tilt angle
of the electric field intensity vector from the horizontal. The angle
r can be taken to be 45 deg for circular polarization. Valuesfor
frequencies intermediate , between those of Table 4.3 can be
obtained by interpolation. Now that information is available to
determine a and b for arbitrary polarization, it seems advisable to

4-10
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Table 4.2 Values of aand b
Hedge (1978) for
R

ates.

Eg. (4 11) from Olsen, Rogers, and
= 0 deg for High and Low Rain

F req.

(GHz) LP, LP, LP, LP,
1.0 6.41 x10° 5.26 x10° 0.891 0.947
1.5 1.45 x10-4 1.14 x 10-4 0.908 0.976
2.0 2.61 x10-4 1.96 x10° 0,930 1.012
2.5 4.16 x10-4 2.96 x10" 0.955 1.054
3.0 6.15 x10* 4.12 x 10-4 0.984 1.100
3.5 8.61 x 10-4 6.42 x10* 1.015 1.150
4.0 1.16 x10° 6.84 x10-4 1.049 1.202
5.0 1.94 x 10-3 1.12 x 10-3 1.113 1.274
6.0 3.05 x 10-3 1.99 x 1073 1.158 1.285
7.0 4.55 x 10-3 3.36 x-10"3- 1.180” 1.270
8.0 6.49 x10° 5.35 x 10-3 1.187 1.245
9.0 8.88 x 10-3 8.03 x10° 1.185 1.216
10 1.17 x 10~2 1.14 x 102 1.178 1.189
11 1.50 x 102 1.52 x10? 1.171 1.167
12 1.86 x 1072 1.96 X10° 1.162 1.150
15 3.21 x10? 3.47 x 102 1.142 1.119
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Table 4.3 The Coefficients a and b for Calculatng Attenuation for
Horizontal and Vertical Polarization (& IR, 1986a).

Fr?ggg?cy ay a, by b,
| 0.0000387 0.0000352 0.912 0.880
2 0.000154 0.000138 0.963 0.923
4 0.000650 0.000591 1.12 1.07
6 0.00175 0.00155 1.31 1.27
8 0.00454 0.00395 1.33 1.31
10 0.0101 0.00887 1.28 1.26
12 0.0188 0.0168 1.22 1.20
15 0.0367 0.0347 1.15 1013
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obtained by interpolation. Now that information is available to
determine a and b for arbitrary polarization, it seems advisable to
use that information. Values of the well established and somewhat
more detailed tables of Olsen, Rogers, and Hedge (1978) are
nevertheless included for completeness.

Interest in attenuation due to rain tends to be concentrated at the
higher frequencies above 10 GHz where attenuation is the greatest,
but the plots of Figs. 4.4 and 4.5 extend below 10 GHz as well.
The values from the two figures are in general agreement, both
showing that for frequencies of 10 GHz or less and rainfall rates of
100 mm/h or less, the attenuation constant has a value of about 3
dB/km or less. Attenuation constants of this order of magnitude,
while less than for high- frequencies, may still be serious, and
concern about attenuation due to rain is thus not confined to the
higher frequencies but includes all of the X band (8-12 GHz).
Attenuation due to rainincreases the loss factor L in relations
determining the signal-to-noise ratio (Sec. 1.1). 1t should be kept
in mind also that ‘rain increases the systems noise temperature,
Tsys, as well (Chap.7).

4.3 STATISTICAL ANALY SIS OF ATTENUATION DUE TO RAIN

Procedures for calculating the attenuation constant for
propagation through rain as a function of rain rate were described in
Sees. 4.1 and 4.2. For predicting the attenuation expected on an
earth-space path, one aso needs to have a statistical model for the
point rainfal intensity at locations or in regions of interest. In
particular one generally needs to have an estimate of the rainfall
rates that are exceeded for certain small percentages of time.
Methods for obtaining rainfall data are described in Sec. 4.3.1. A
third need is for a model of the spatial distribution of rainfall, as a
function of height and distance from the station, and this topic is
treated in Sec. 4.3.2. Finally several models that have been
developed for widespread spplication, in some cases for worldwide
use, are described in Sec. 4.3.3.

4-14
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4.3.1 Rainfall Data

A first step in developing an understanding of the effect of rain
on propagation in a particular area may be to obtain raw data on the
occurrence of rain there.  When sufficient raw data have been
accumulated, it canbe put into statistical form.

Published data on rain are dready available for the United
States from the National Climatic Center (Asheville, North Carolina
2880 1) of the National Wesather Service.  They supply Hourly
Precipitation Data, issued monthly 2% state (including monthly
maximum rainfalls for periods for as short as 15 min for a number
of stations in each state); Climatologial Data, issued monthly by
state (includes daily precipitation amounts); Climatological Datar
National Summary, issued monthly (includes monthly rainfall and
greatest rainfall in 24 h); Climatological Data - Annual Summar 5
(includes maximum rainfalls in perlods r e(glng from 5 to 18
minutes); Local Climatological Data, issued monthly (includes
hourly rainfall for individual weather stations); and Storm Data,
Eubhshed monthly for the United States, In Canada Monthly

ecords for Western Canada, Northern Canada, and Eastern Canada
and a monthly Canadian Weather Review are available from Gpply
and Services Canada, Publishing Centre (Hull, Quebec KDAQb9).
Data for a number of other countries are on file at the National
Weather Service Library, Room 816, Gramax Bldg., 13th Strest,
Silver Spring, MD.

Rain guges are the means used for obtaining most of the
National Weather Service rain data A common type of gauge is
supported in a vertical position and has a receiving area ten times
the cross section of the measuring tube to facilitate precision in
measurement. The amount of precipitation is determined by use of
a hardwood measuring stick. Automatic tipping-bucket and universal
weighing gauges are in use at National Weather Service stations that
are manned by their own personndl (First Order Weather Stations),
and chart records from these gauges can be obtained form the
National Climatic Center.

If it is deemed advisable to obtain additional data on rainfall or
attenuation caused by rain because of lack of detailed published data,
a variety of options can be followed if sufficient financial support
and manpower are available. One can set up rain gauges of the
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tipping bucket or weighing type. Radar can monitor ggcipitation

over a wide area using the concepts discussed in 4.5 for
bistatic scatter. For monostatic radar the distances R, and R, are
the same, however, and the scattering volume V is proportional to
R*for widespread rain, so the ratio of WR/WT (received power to

transmitted power) is proportional R*as shown in Eqg. (4. 14).

| z (4.14)

|
The quantity G is radar antenna gain, eHP and byp e the half-

power beamwidths of the radar antenna, ¢ is about 3 x 108 m/s, r
IS the radar pulse length, A is wavelength, and Kc is the complex

relative dielectric constant of water. Z represents >d°® where d is
drop diameter and is related to the rain rate R by Z = 400 R!. 4 for
the Laws and Parsons distribution and Z = 200 R!‘® for the

Marshall and Palmer distribution. Equation (4. 14) thus allows
determining the parameter Z which in turn allows estimating the

rain rate R on the basis of the empirical relations given.

Another approach to measuring attenuation due to rain on earth-
space paths is to use radiometer techniques. One procedure of this
type involves using the Sun as a source. When a source hang an
effective temperature Ts is viewed through an absorbing medium

having an effective temperature of Ti the observed brightness
temperature Tb IS given by (Sec. 7.2)

Gz GHP¢HPCT TT3 ‘Kc—i

Wr/Wr =
1024 (ih 2) R°A? ‘ K_ +2

p =T et T (- e ") (4.15)

where t is referred to as optical depth and is the integral of the the
power-density attenuation coefficient along the path, namely [ a di.

The temperatures of Eq. (4. 15) are measures of power, as kaB

where k is Boltzmann’s constant and B is bandwidth, is power. The
first term on the right-hand side of Eq. (4.15) represents the power
from the Sun attenuated by the Earth’s atmosphere and the second
term represents thermal noise emitted by the Earth’s atmosphere.

4-16

£l




The Sun subtends an angle of 0.5 deg viewed from the Earth, and if
the ant enna of the radiometer is perfectly aligned with the Sun and
the Sun fills the beam, Ts is the effective brightness temperature

of the Sun. Otherwise T_ is the average brightness temperature

within the antenna beamwidth, as determined by the temperature of
the Sun itself and the low background level of about 2.7 K. The
object of using Eq.(4.15) is to determine t due to rain, This can
be accomplished by first using the Sun as a source and then
switching away from the Sun, The difference between the two

values of T,isT_e " and if Tsis known then r is known. Ts can
be determined ty using the Sun as a source when no rain is present.
If the value of T,of Eq. (4. 15) is known then it is not necessary

to use the Sun as a source. Instead one can point away from the Sun
and record

p = T (L-¢e) (4.16)

from which rand the corresponding attenuation in dB (A g =434
T) can be determined. T,can be determined originally from

measurements using the Sun or in some other way. It tends to be
less than the physical temperature where rain is falling because
total attenuation is due to scattering as well as absorption. It is

only when attenuation is due to absorption alone that T ,can be

expected to be equal to actual temperature.

A large amount of data on attenuation due to rain, much of it
collected by. using beacons on satellites, has been accumulated. The
CCIR has established a data bank for earth-space propagation that
includes data on rain attenuation (CCIR, 1983a; Crane, 1985a).
NASA has sponsored an extensive study program on attenuation due
to rain (Kaul, Rogers, and Bremer, 1977; Ippolito, 19'78). The
Nov.-Dec. 1982 issue of Radio Science was devoted to NASA
sponsored propagation studies, including those about rain. Many of
the studies’ of’ rain have been directed at frequencies abcve 10 GHz,
but a considerable amount involves frequencies not far above
(Arnold, Cox, and Rustako, 198 1; Nackoney and Davidson, 1982;
Vogel, 1982; Bostian, Pratt, and Stutzman, 1 *986).

4-17



4.3,2 Spatial Distribution of Rainfall

1. Vertical Distribution: Temperature decreases with height and
precipitation tends to occur as snow rather than rain above the O deg
C isotherm. Snow causes considerably less attenuation than rain,
and it is the length of the path up to the O deg C isotherm that
largely determines attenuation due to precipitation. Modeling the
gpatial distribution of rain is difficult and severa procedures have
been proposed for determining the height extent H of rainfall for
estimating attenuation.  Figure 4.6 shows curves for what were
designated in1 983 as Methods 1 and 2 and aso a lower dotted
modification of Method 1 for latitudes below 40 deg (CCIR,
1983b). The modification was suggested by parties that thought that
the other curves resulted in attenuation values that were excessively
high for these latitudes. = Method 1, including the dotted
modification, and Method 2 have both been replaced, however, and
the latest recommended CCIR procedure (CCIR, 1986b,c) iS to use
the relation given here as Eq.  (4.30). This relation_is based on
1984 Report 352 of the University of Bradford by Leitao, Watson,
and Brussaard, prepared for the European Space Agency. See No. 8
of Sec. 4.3.3 for further discussion of the CCIR models.

2. Horizontal Distribution: Intense rain tends to be localized, and,
especialy when one is concerned with the high rain rates that are
exceeded for small percentages of time, a procedure is needed to
account for the fact that high rain rates will very likely not occur
along the total length of the path. Some approaches involve
determining an effective path length or path reduction factor. The
original version of the Global Mode (CCIR, 1978) used a path

reduction factor r = y(D) R“S(D) where D is horizontal extent of

the path through rain and R is rain rate. This factor is shown
graphically in Fig. 4.7. The 1982 CCIR model involves
determination of a path reduction factor in an especially simple
manner, and this approach has been retained in the latest . CCIR
report on the subject (CCIR,1986b). While questions may be
raised about this procedure, its simplicity is an advantage. In
other cases, an effort is made to model the rain rate that can be
expected along the path and to calculate the attenuation accordingly

4-18

3



"(0€°p) "bg sezin ‘asnamoy
‘aanpsooad pspuswiwIoDad §s3je] ay] "(QE86T “NIDD) 4
Z Pue [ spoyjajy Joj swdaylost ) 3ep ( jo S|y ‘g aundig

(6ep) 3aN1ILVT

06 08 0/ 0o oG 1814 oe 07z ni n
| 0
%0° 1|
% &
— =
%l0°0
— %100°0 —z

QOW 2/5 dMI HLIM 'H

| < ~
L\
i SIAIND 2 AOHL W \\ . T
/

(I QOHLIW) H S

4-19

(wx) IHOI3H




10.0

L=22.5km

PATH AVERAGE FACTO R
)
w»

4

1 2 5 10 20 50 100 200
L - PATH LENGTH ONE MINUTE AVERAGE RAIN RATE (mm/h)

49

Figure 4.7. Effective path avera;e factor for different path lengths
and rates (CCIR 1978
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Stutzman and Yen, 1986). The two-component model (Crane, 1982,
1985a) starts with an assumed value of attenuation and determines
the separate probabilities that the attenuation can be caused by rain
cells and surrounding rain debris.

4.3.3 Models of Attenuation Due to Rain

Several models of attenuation due to rain have been developed
and refined and updated from time to time. The goal of the models
IS to provide statistically-based predictions of attenuation, and they
encompass the three areas mentioned earlier - statistical data on
rain rate, the calculation of the value of the attenuation constant
from rain rate, and the spatial distribution of rain.

For locations of First Order Weather Stations in the United
States and for locations havin%similar records elsewhere, data are
available to%ovide statisticadescriptions of rainfal. Lin (1977)
and Lee (19) describe and analyze procedures for obtaining the
needed statistics from such data, which are published by the
National Climatic Center in the United States. Earth stations,
however, may well be located elsewhere than where weather
stations are found. and for world-wide application it is desirable to
divide the Earth into regions having smilar rainfall characteristics
and to attempt to obtain statistical descriptions of these character-
istics. Selection of regions can be done on a large scale in rough
accordance with the natura regions of- the Earth (Sec. 1.4). A
number of variations of such classifications exist. They agree
. generaly on principal features but may disagree on detaill and
terminology. It has been suggested, however, that classifications
made from biologcal, geog%raphical, or agricultural viewpoints m
need some modifications for telecommunications purposes (Segal,
1980). Fi C;Eres 4.8 and 4.9 show the regions used in the Crane
(1980) glocal model, and Fig. 4.10 shows regions of Canada,
consistent generally with the CCIR i 982 mo el but modified
somewhat by Sgal (1986). The regons of the CCIR model are
shown on a wod--wide basis in Figs4.13 to 4.150
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Figure 4.10. Rain rate regions of Canada, as defined by the CCIR
and modified by Segal (1986). -
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The 1980 Globa Model of Fig. 4.8 (No. 5 of this Sec. 4.3.3)
involves 8 rain rate regons which correspond fairly well to the
natural regions of the Earth (Trewartha, 1968; Sec. 1.4). As
regions B and D for North America are subdivided, however, the
Global Model can actually be considered to involve 11 regions. The
modified 1982 CCIR Model (No, 8 of this Sec. 4.3.3) utilizes 14
rain rate regions, and these are based more closely on rain rate
alone rather than natural regions. For example, whereas both
models designate the arctic and antarctic regions as rain-rate region
A, the Global Model restricts designation A to these regions while
the CCIR model applies designation A to desert areas as well.
Both high-latitude and desert areas have low rainfall, and that is the
justification for designating both with the same symbol. The
Global Model applies the designation F to deserts, Mediterranean
areas, and to some temperate grassland and steppes whereas these
three regions are actuall y quite different. The CCIR model applies
the designation E to an even larger area including deserts, the
Mediterranean area of southern California, and southern Canada,
presumably because these areas may have roughly the same total
rainfall. Southern California has hardly any thunderstorm activity,
however, whereas the other areas have considerable thunderstorm
activity. The type of rain as well as total amount is significant,
and more detailed analyses and classifications for the occurrence of
rain than those of the world-wide models can very well be utilized,
especially for areas characterized by mountain ranges. The
occurrence of rain can be very different in both total amount and
type on opposite sides of mountain ranges.

Another case for which additional detail is desirable is that of
the occurrence of rain as a function of time at given locations. The
detail is desirable in order to obtain more reliable statistics about
rain rates that are equaled or exceeded for small percentges of
time. The averaging process can hide the occurrence of hig rain
rates for only a minute or a few minutes when rainfall is recorded
for periods even as short as five minutes. It has become accepted
that a one-minute raingauge integration time is a desirable
compromise for recording rainfall. Much time and effort would be
required to produce an adequate data base of one minute data,
however, and attention has therefore been given to how to estimate
one-minute rainfall data from longer-period data (CCIR, 1986c:
Segal, 1986).
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Characteristics of some of the models of rain attenuation will
be described in this section. First we note that a good data base has
been accumulated on attenuation due to rain on a number of paths.
Analyses have been made of the comparative performance of several
of the models to be described ky use of this data base with differing
conclusions (Crone, 1985a, 19g5b; Stutzman and Yen, 1986). The
interested reader or person dealing extensively with rain attenuation
IS advised to read the original papers, as it is not practical to
provide detailed descriptions or comparisons showing the relative
merits of the models or to provide numerical illustrations of all of
them. Instead we include brief discussions of several of the
models and use primarily the modified CCIR 1982 model to
illustrate how the problem of rain attenuation c:nn be treated.
Numerical examples are given in Sec. 9.4. For the United States,
however, we tend to favor using the rain-rate regions and values of
the 1980 global model.  Although the type of rain modeling
described here is well developd, the opinion has been stated (Crane
at Jan. 1986 meeting of NASA experimenters) that more effort is
needed on other topics including fade duration and site diversity
predictions.

1. Rice-Holmberg Model

Using a variety of meteorological data, Rice and Holmberg
(1973) formulated a model which predicts distributions of t-minutz
oint rainfall rites. The model gives the cumulative number of
ours in a year that the rain rate may be expected to exceed a
gpecified value durig t-minute periods, e.g. 5-minuteperiods, €tc.
The model involves ti euseof 3 basic parameters whichare M, the
annual rainfal in mm; g, the average annual ratio of thunderstorm
rain to total rain ; and D, the average number of days for which the
precipitation exceeds 0.25 mm. M and D are determined directly
from recorded data, and F is derived from data on the greatest
monthly values in mm and the average number of days with
thunderstorms. In considering this model one can set M = M, + M,
where M, represents thunderstorm or convective rain and M, stands
for stratiform rain of relatively wide extent and long duration.
Convective rain tends to involve high rain rates but only
(I\:/(Ijlrpl\[zaratively short periods. The parameter g represents the ratio
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2. Dutton-Dougherty Model, Modified Rice-Holmberg Model

The Dutton-Dougherty model predicts total attenuation from
precipitation, clouds, and clear air. For attenuation caused by rain
It. uses a modified Rice-Holmberg model (Dutton, 1977). An
incentive for modifying the Rice-Holmberg model is that while the
original model provides P(R), the percent of time that rainfal rate
R is exceeded, given values of R, it is difficult to invert to obtain
R, given P(R). That is, if one wishes to determine the rain rate R
that is exceeded 0.0 { percent of the time, for example, it is
difficult to do so by using the original Rice-Holmberg model. The
modified Rice-Holmberg model overcomes this problem. Like the
original model it uses the 3 parameters, M, £, and D. Stratiform
rain is assumed to be uniform up to the rain cloud base and to
decrease to zero at the storm top height, while convective rain is
assumed to increase dightly, in terms of liquid water content, up

Lo_tr;]e rain cloud base and to then decrease to zero at the storm top
eight.

Some results of interest obtained by use of the Dutton-
Dougherty model in computer form have been published for Europe
(Dougherty and Dutton, 1978) and the United States (Dutton and
Doug erty, 1979). The papers provide maps of Europe and the
United States that show contours of one-minute rainfall rates in
mm/h, corresponding to values equaled or exceeded for 1, 0.1, and
0.01 percent of the time. The papers aso include contours of the
standard deviation in mm/h of annual rainfall rates corresponding to
the percentages mentioned above. Data for 30 years were used for
the United States. In 1982, the Dutton-Doughert y model was
improved to extend to rain rates exceeded for ‘the low percentage of
0.001 (Dutton, Kobayashi, and Dougherty, 1982). The question of
incorporating the concept of effective path length into the model was
considered and re jetted, Instead a probability modification factor F
IS retained for modeling the variation of rain intensity in the
horizontal direction. This factor multiplies the original percent of
time p. that attenuation of a certain value is expected to obtain a
lower value p. For determining the attenuation constant a, an
expression like Eq. (4.11) is used except thatinplace Of rain rate
R in mm/h the quantity L , liquid water content per unit volume, is
employed.
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3. Piecewise Uniform Rain Rate Model

The piecewise uniform model (Persinger et al., 1980) is a
guasi-physical model developed to eliminate the need for effective

path lengths. It involves the assumptions that the spatia rain rate
distribution is uniform for low rates but becomes increasing y

nonuniform as the peak rain rate increases. Total attenuation A is
determined from

N
A:(l_/N)iz_1 aR) (4.17)

where L is the path length which is divided into N equal intervals, a
Is the attenuation constant corresponding to rain rate R, of the ith

divison or cell. Two levels are used in the version reported here,
with
Ry=R, for 0 <1 <CL, Ry=R forCL<I<L (4.18)
where
R, = RyforR,£ 10 mm/h, R = R,([R,/10)* for R, 210 mm/h
(4.19)

In terms of these quantities, the expression for A can be written as
A=[CaRy) + (-CQaR)]ILdB (4.20)

Based on experimental evidence for the eastern United States, C is
taken to be 0.2 and x is taken to be -0.66. Path length L is found
by using a height extent of rain H and a basal length B with H equal
to 3.5 km for high latitudes above 40 dg , 4.0 km for mid
latitudes, and 4.5 km for low latitudes below33 deg. The quantity

B is taken to be 10.S km. Then
L =H/sin 6 for 6 2 60, L =B/cos 6 for 6 < 90 (4.21)
with 60 = tan"! H/B and 9 the elevation angle.
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4. Radar Modeling

The utility of radar for obtaining rainfall data was mentioned in
Sec. 4.3.2, and the radar technique, with emphasis on bistatic
scatter, is discussed in Sec. 4.5. Radar contributions to rain-
attenuation modeling were described by Goldhirsh and Katz (1979).
Data on the intensity of rainfall along a path or over an area and
also as a function of height can be obtained.

An extensive amount of radar data have been obtained at Wallops
Island, VA jy use of the SPANDAR S-band radar, much of it at time -
that COM SRR beacon measurements at 28.56 GHz were also being
made (Goldhirsh, 1982a). Radar reflectivity Z can be related to
rain rate R by

R=u Z' mm/h (4.22)

where u and v are drop-size dependent. A disdrometer, an
instrument for measuring drop-size distributions} has been
developed and utilized in studies reported here. Values of uandv
used for Laws and Parsons and Marshall and Palmer distributions
can be derived from Egs. (4.56) and (4.57). Goldhirsh has shown
that the radar data he obtained agreed well with attenuation values
measured by use of the COMSTA beacon. Also he has shown that
the radar data can be extrapolated to other locations with good
agreement with directly measured data. The radar technique is
readily adaptable to space diversiy studies, and this application is
the subject of a 1982 paper (Galdhirsh, 1982b). The ability to
employ radar data for the modeling of both single and joint
probability cumulative fade distributions at various path_elevation
angles and frequencies received attention in a 1 984 paper
(Goldhirsh, 1983.

5. 1980 Global Model

This model, described by Crane (1980) divides the world into
the eight rain-rate regions shown in Fig.4.8. The United States is
covered by five regons, with two, B and D, subdivided as shown in
Fig. 4.9. Figure 4,11 or Table 4.4, g/ing rain rates exceeded for

various percentages of time, provide te needed rain rate data. For
determining values of attenuation constant Guse s made of a_ =

aRbWhere R is rain rate. For Canada, however, we recommend
using the regions of Fig. 4.10, supplied by Segal (1986). Rates
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exceeded as a function of percentage of time for the Canadian
regions are shown in Table 4.5. Believing therelation mentioned
in Sec. 4.3.2 for the spatia distribution ofrainfall to be inadequate
because of the nonlinear relation between rain rate and attenuation
constant, Crane used numerical differentiation to obtain relative
path rain-rate profiles showing that when high point rain rates
occur, the most intense rain is dund close to the sampling location.
When rain rates are low at the sampling location, however, higher
rain rates are likely at distances in excess of 6 km away.
Approximation of the profiles by exponential functions leads to an
expression for attenuation along a horizontal path of length D that
involves three such functions as follows.

NECC R + 8 e0g4023)
A(R, D) = aR [‘~____@_ — 1
d (D <22.5 km
ePﬁD~i
AR,D) = GRB [T] 0<D<d (4.24)

with A in dB, R in mm/h, and aRB the expression of Eg. (4.11)
but with a and g used in place of aand b.

In (bed)

po= —g (dinkm) b= 2,3 R-0.7

c = 0.026-0.03 In R d=38-06 hR

For elevation angles 6 greater than 10 deg, D is given by
D= (Ho- Hg)/ tan 6 [4.25)

where Hois the height of the O deg isotherm from the Method I
curves of Fig. 4.7 and H, is the height of the surface. Attenuation
As along a path of lengthuis given by

A =[LAR, D)1/D =[A(R, D) ]/ cos® (4.26)

for 62 10 deg. For <10 deg, see Appendix 4.1. The original
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global model used a path reduction factor mentioned in See, 4.3.2
fflnd c%alcul)a]nted by a procedure like that of the { 982 CCIR mode
Eqg. (4.33)].

6. Two-Component Model

When using models such as the 1980 Global Model and the 1982
CCIR Model, one first determines the rain rate R that is expected to
be exceeded for p percent of the time. The attenuation constant «
corresponding to R is then calculated. The two-component model;
however, starts with values of attenuation and determines the
separate probabilities of exceeding this attenuation because of
convective rain cells on the one hand and widespread rain debris on
the other. The mme of the model is derived from _its recognition
and separate treatment of the two types of rain, intense rain in
localized cells of the order of a couple of kilometers in diameter
and rain of lesser intensity but greater areal extent. Recall that
the Rice-Holmberg and Dutton-Dougherty models separated rainfall
in a somewhat similar way into thunderstorm or convective rain of
generally short duration and stratiform rain of generally wide extent
and longer duration.

The two-component model was introduced in 1982 (Crane,
1982). A step-by-step description is igen as an appendix in the
original paper. A similar treatment ofa revised version is given
as an appendix in Crane (1985a). Certain features of the model are
described in Appendix 4.2 of this handbook.

7. SAM (Simple Attenuation Model)

The simple attenuation model employs the procedure of the
1982 CCIR rain model (No. 8, following) to predict rain rate as a
function of percentage of time and calculates the attenuation
constant from rain rate by use of the usual empirical relation, Ecg
(4.11).  The improved version of SAM described in 198
(Stutzman and Yen, 1986) uses the 1982 CCIR values of aand b
for horizontal and vertical polarization, which values aso allow
determination of a and b for arbitrary polarization [Egs. (4. 12) and
(4. 13)]. The original SAM model used the a and b values of Olsen,
Rogers, and Hedge (1978). A distinctive feature of SAM is its
treatment of the spitial distribution of rainfall. Considering that
the treatment of this same topic is unnecessarily complicated in
thei 980 Global Model, the authors use a simpler assumption about
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the variation of rainfal with distance from the ground station
location. For a rain rate R. at the station equal to or |ess than 10

mmv/h, the rain rate is assumed to be constant along the path so that
R(1) = R. for R. £ 10 mm/h

For arain rate equa or greater than 10 mm/h, R (#) is assumed to
be given by

R () =R LY In R/10) £ cos o, R, 210 mm/h (4.27)
This expression applies for 1< L wherelL = (H - Ho)/sin 6. The
expressions for R (8) are substituted into

AR)=J-arwa

leading to the results that
AR)= aRPL R <10 mmh (4.28)
{_ e[-b'y In(R_/10) L cos 6]

_ b
A(R)'aRo byIn(R_/10) Cos e * ‘o

o > 10 mm/h

(4.29)

A valueof 1/14 isused for y in the 1986 version of SAM.

The 1982 CCIR model uses an effective path length equal to L
r_, where r IS a path reduction factor, and its procedure is actually

simpler than SAM in this respect. The CCIR approach is empirical
and has been designated as provisional

8. Modified 1982 CCIR Model

The rain rate regions of the 1982 CCIR model are shown in

Figs. 4.13 - 4.15, and the rain-rate values for these regions are
iven in Table 4.5. In addition, contours of the rain rate exceeded

or 0.01 percent of the time are OFrovided in Figs. 9.8-9.10. The
attenuation constant a corresponding to these rain-rate values is

found by using alg V\}I)th values of a and b from Table 4.3. The
latest revisions of CCIR Reports 563 and 564 give the expression

of Ea.(4.30) for determining the height extent H of rain
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(CCIR, 1986¢c,d) For latitudes # less than 36 deg, the height
extent of rain H is taken as 4.0 km, and for ¢ 2 36 deg one uses

H = 4.0-0.075 ( ¢ -36° ) km ¢2 36° (4,30
In the first edition of this handbook the dotted modification of the
Method 1 curve of Fig. 4.6 was recommended, and persons
concerned with attenuation from rain at lower latitudes should be
alert to the possibility that lower heights than 4.0 km my. still be

applicable. In either case whether using Eg. (4.30) or ig. 4.6,

the height H to be used is the height equaled or exceeded with a
probability of 0.01. The length L though rain is determined by

L = H/sin 6 km (4.31)

for elevation angles 6 greater than 10 deg. For angles less than 10
deg use o

[sin?6 + 2 (H/a) 1'% + sin 6
where a is effective earth radius.

f Attenuation A in dB is determined for theperecentage of 0.01
rom

A=aLr (4.33)
P P

where ap and L are discussed above and rp is an empirical path

reduction factor factor given by
' i

] (4.34)
P { + 0.045 D

where D = L cos 6 is the horizontal projection of L. Previously the

form 90/ (90 + 4D) was used; the numerical values of these two
expressions are essentially identical. [0 determine altenuation

A equaled or exceeded with a probability other than 0.01, the
latest recommendation is to use

-(0.546 + 0.043 1
AP = Ac.01 0.12 p ( %8 P) (4.35)
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Previoudly the procedure (CCIR, 1983b) was to use

AP = C Ao.o1 P d

Vaues were supplied for the constants ¢ and d and k. 4.12 was
also given. Although replaced by the CCIR by Eq. (4.:‘5g1 , We retain
Fig. 4.12 in this chapter for reference purposes. The original
1982 CCIR model distinguished maritime and continental climates,
using what in 1983 became known as Method { for maritime
climates and Method 2 for continental climates (CCIR, 1983b).
Note that Method 1 (original or modified dotted form) provided the
height equalled or exceeded with a probability of 0.01 percent.
Method 2, however, provided heights fop robabilities of 0.001,
0.01,0.l, and 1 percent. Both Methd:s 1 and 2 have been
replaced with Eq. (4.30) now used for the height of rain H in both
cases. The latest procedure nevertheless follows the general plan
of Method 1 in that a height is determined only for a probabiliy of
0.01. Then attenuations for other percentages are determine{ by
use of Eg. (4.35),
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Figure 4.12. Factor ecao'd for conversion of the rain attenuation

exceeded for 0.01 perecent of the time Ay.os to that
exceeded for ppercent of the time, as given in
CCIR(1983b). The latest recommended procedure,
however, is to use Eqg. (4.35).
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Figure 4.13. Rain-rate regions of the Americas (CCIR, 1986c).
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Figure 4.14. Rain-rate regions of Europe and Africa (CCIR,
1986c).

]

¥1



60° 90° 120° 150° 180° 1)

60°

30°

00

30°

60°| 1 \ ) 1 | 1 | | 60°
60° 90° 120° 150° 180° 150°

Figure 4. 15. Rain-rate regions of Asia and Oceania (CCIR,
1986c).
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4.4 DEPOLARIZATION DUE TO PRECIPITATION

The term depolarization refers to a degradation or change in
polarization, as from purely vertical linear polarization to linear
polarization at an angle dightly different from vertical, This latter
condition is equivalent to a combination of vertical and horizontal
polarization. Such an effect can be caused by precipitation.

It is highly desirable in many circumstances to be able to use
two orthogonal polarizations on the same path, but the ability to do
so may be limited to some degree by antenna characteristics or
depolarization caused by precipitation or some other phenomena
The two linear polarizations are generally referred toas vertical
and horizontal, but for earth-space paths thepolarizations tend to be
rotated somewhat from the local vertical and horizonta axes

(Dougherty, 1980). The two orthogonal circular polarizations are
right and left circular polarization (Sec. 2.1, 1). Two orthogonal
polarizations are sometimes referred to as cross polarizations, and
awave of the opposite or orthogonal polarization that is produced by
a process of depmrization is known as a cress-polarized wave.
The production @ a cross-polarized wave may result in unacceptable
interference between orthogonally polarized channels of the same

path.

In considering transmission through rain, theratio of the power
of the wanted or copolarized wave to the power of the unwanted or
crosspolarized wave is pertinent. Letting E,, and E,, represent

electric field intensities of copolarized waves and E,and E,,

represent field intensities of crosspolarized or unwanted waves and
expressing the ratio in dB, it may have the form of 20 log E,;/E;,,

for example. The first subscript represents either a reference or
original polarization, and the second subscript represents an actua
(resulting or final) polarization. Thus E,; is a field intensity

having polarization 2. It may have been derived from a wave of
original polarization 1, or polarization { may merely be the
reference polarization of the system. This kind 6 ratio is referred
to by the term cross polarization discrimination (XPD). For the
example mentioned above

XPD = 20 log (E,;/E,,) (4.36)
4-42
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The use of the term discrimination is pertinent in some cases, but
the notation XPD has been used also to describe the polarlzatlon of
a wave whether a process of discrimination is involved or not, For
example, if a recalving system has a linear horizontally polarlzed
antema but an incident wave is linearly Polarized at an anglet
from the horizontal, it may be said that °

XPD = 20 log cot r (4.37)
as E, = E. cos t and E:on sin t, where Eo is a reference

intensity and El , and E,are components along horizontal and
vertical axes.

Rather than using XPD to describe the state of polarization, use
can be made of its reciprocal, depolarization D, which has the form

of
D = 20 log (E12/E ) (4.38)

A high XPD- value of 40 dB, for example, corresponds to a small
depolarization of -40 dB; alow XPD value of 10 dB corresponds to
ge depolarization of - { O dB.

Depolarization due to precipitation is caused by the nonspherical
shape of rain droBs and ice crystals, spherical drops do not cause
deyolarization. epolarization would not occur in the case of
sa:{eroidal drops either if the field intensity vector of a linearly
polarized wave were to lie dtrictly parallel to either the long or
short axes of the drops.. In the general - case; however, - the roughly
spheroidal drops tend to be canted or tilted with respect to the
electric field intensity vectors. Wind contributes to canting and,
even in the case of (a]PparentIy vertica fall, the drops normally
exhibit a distribution d canting angles. Differential attenuation and
phase shift of field components parallel to the long and short axes of
drops cause depolarization. The effect of differential attenuation is
shown in 2 qualitative way in Fig. 4.16. A circularly polarized
wave is equivalent to the combination of two linearly polarized
waves that differ by 90 deg in both spatial configuration and
electrical phase, and depolarization occurs for circularly polarized
waves also. Indeed, it develops that depolarization tends to be
worse for circularly polarized waves than for linearly polarized
Wwaves.
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Analysis of depolarlzatlon D in terms of differential attenuation

and phase shift has' been presented by Chu (1980). A form for D for
circular polarization is

D. (dB) = 10 log { 1/4[V( Aa )+ ( AB )L ]28_402)

cir
4.39

where Aais the differential attenuation constant and AB(istrze
differential phase constant. The quantity L is the length of the path
through rain. A factor of 2 dB is sometimes added to take account
of the possible contribution to depolarization of ice particles
occurring above the level of the O d C isotherm. When the
logarithm of the exponential factor is taken, the result, designated
ask squared, ” has the form

K= 17.37 o? (4.40)
with ¢ In radians or
k: = 0.0053 o2 (4.41)

with o in degrees, where o isthe standard deviation of the raindrop
canting angle ¢, measured from the horizontal, along a path at a
particular instant of time. This quantity k* can be set equal to zero
as a conservative design procedure (CCIR, 1986d). For linear
polarization

D,;,,(dB) = D__(dB) + 10 log[1/2 (1 - cos 4 e~ 87m)] + AA’{242)

In this expression t is the tilt angle from the horizontal of the
electric field intensity vector of the linearly polarized wave. The
quantity o IS the standard deviation in radians of the mean

raindrop canting angle ¢, from path to path and storm to storm.
For o in deg, 802 can be replaced by «7 = 0.0024 or» With 5
deg aswtable value for g CCIR Report 722-2 (1986d) points out
that «* and x2 depend on factors other than the canting angle

distribution and should not be thought of as related to canting angle
only. The quantity AA’ is given by

’ — -~ 12/154 12
AA’ =5 log (Ia,| /Iahhl ) (4.43)
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where a w and ar, are attenuation constants for vertica and

horizontal polarization. The sign of AA’/2 is chosen to give the
lowest value of D for quasivertical polarization. In Eq. (4.42), the
logarithm of a quantity less than unity is indicated, and this
logarithm is therefore ngative. The equation thus shows that the
depolarization is generall'y less for linear polarization than for
circular polarization. For t = 45 deg, however, depolarization is
essentially the same for linear and circular polarization. The value
of T can be taken as 45 deg for circular polarization, and it is for
tilt angles away from 45 deg that linear polarization has an
advantage over circular polarization. The distribution of canting
angles ¢ is over a range around the horizontal. The angle shown in
Fig. 4.16 is exaggerated in order to make the effect of differential
attenuation obvious. In Chu’s 1980 paper he gives examples of the
application of the above relations to extrapolation from measured
values of D on one path to values to be expected on other paths.

An dternative form of the right side of Eq. (4.39) for is

D, (dB) = 20 tog [ 1/2/( Aa)? + ( ABJ? L cos8 % ]
_ (4.44)
which is based upon

V(da 2+ (88 =A@ )12 +(AF ) cos? 6

where Aa and ABO refer to an eevation angle 6. This equation
shows that depolarization decreases with increasing elevation angle.

Values of /( Aa)*+ ( AB)?aregiveninFig.4.17asa

function of rainrateand f r eauency. That depolarization should
decrease with incr'e_asin% elevation angle can- be understood by
considering the outlineo

attenuation and phase are maximum for an elevation angle of O deg
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raindrops as seen from the direction of -
incident waves at 6 = O deg and at 6=90 deg. Differential
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for which the shape seen looking an incident k vector, representing
the direction of propagation of an incident wave, is eliptical. At
the other extreme for which cos 6 = O, however, the shape seen
when looking along an incident k vector at an elevation angle of 90
deg is circular.  This symmetrical shape is not conducive to
depolarization. Equations (4,42)-(4.44) together with Fig.4.17
show the dependence of depolarization on rain rate, frequency,
polarization, tilt angle, elevation angle, and path length L, which
can be determined with the help of Fig. 4.6.

In a later paper (Chu, 1982), the basis is shown for expressin
depolarization D and crosspolarization XPD in terms of tot
attenuation A in dB for frequencies above 10 GHz, asis the case for
the common empirical expression for XPD. For this purpose note

that \/( Aa )+ ( A8, )'is proportional to frequency (Fig.

4.17), Also it develops that total attenuation A in dB is
proportional to frequency” squared in the 10 to. 30 GHz range.

Thus v/ (Ao )+ (8B, )L fIA is a congtant. Introducing
this constant into Eq. (4.44)

@B) = 20 log [v/(Aa, Y+ (A8, 'L /A ] - 17.3702

-6.02-20 log f + 40 log cos6 + 20 log A (4.45)

The term -20 log f appears to correct for the addition of 20 log f
into Eq. (4.44) where It did not originally appear, and 20 log A is
introduced for the same reasnon. Keeb inmindthat AisindB. The
quantities Ag and Af refer to an elevation angle of ¢ deg, and 40

log cos 6 accounts for the cos?6 factor of Eg. (4.44). To convert
to XPD one can merely change the signs of he terms. Doing this
but taking the first three terms as equal to a constant (XPD)_, one
obtains

Dcir

(XPD)Cir‘(dB) = (XPD)O + 20 log fGHz - 40 log cos 6 - 20 log AdB
(4.46)
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Figure 4.17. Differentia propagation constant at zero elevation
angle as a function of frequency and rain rate (Chu,

1980).
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and

2
(XPD)y; (dB) = (XPD) ;. ~10 log 1/2 [ i - cos 4t e "m |
+ AA’/2 (4.47)

Chu has determined by analysis of experimental data that these
relations give satisfactory results with (XPD) o St equal to i 1.5.
Thus his form of the equation is

(XPD)cir(dB) = 115 + 20 log fGHz -40 log cos 6 -20 log A 4B

(4.48)

The quantity AA’ of Eq. (4.47) can be converted to the form
AA’ = 0.15A 5 cos?6 cos 2t (4.49)

Equation (4.48) is similar to the expression given in CCIR
Report 722-2 (CCIR,1986d), namely

XPD (dB) = 30 log fGH, -40 log Cos e

2
-10 log [1/2(1 cos 4re*m) 20 log Ay
(4.50)

This relation applies to both linear and circular polarization, with t
= 45 deg for circular polarization. Note that the same type of
variation with elevation angle and polarization tilt angle is shown in
Egs. (4.47) and (4.48) on the one hand and Eq. (4.50) in the other

case. The principal difference in the two treatments is that Eq.

(4.48) has 11.5 + 20 log f5y, where Eq. (4.50) has 30 log fGn

Chu (1982) asserts that better agreement is obtained between theorv
and experiment when11.5+20 log fGHZ is used i, place of 30 log

fGHZ .

An important point about qu. (4.47), (4.48), and (4.50\)3 IS
that they include a term -20 10g A, Whereas Egs. (4.39),

(4. 42), and (4.44) are in terms of differential attenuation and
base. Being able to express XPD in terms of A is a useful step
gut is only a suitable approach for frequencies above about 8 GHz.
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As this handbook refers to frequencies below 10 GHz, it is
appropriate to emphasize the application of Egs. (4.42-4.44) for
our purposes. Furthermore these relations have the virtue of being
closer to basic physical concepts.

A principal reason why Eq. (4.50) is not suitable for
frequencies below about 8 GHz is that differential phase shift tends
to play an important role below 8 GHz. Attenuation, and therefore
differential attenuation as well, decreases rapidlv below 10 GHz,
but differential phase shift does not decrease SO rapidl ThIS
condition can be understood by reference to Figs. 4.3a anJ 4. 3
Figure 4.3b shows that the imaginary part, m., of the complex

index of refraction of a medium containing raindrops, decreases
rapidly below 10 GHz. However Fig. 4.3a shows that the real
part, m, stays nearly constant over a range below 10 GHz.

Occurrences of low values of XPD (or high depolarization) when
attenuation is low have been attributed to ice crystals, which cause

small attenuation but can degrade XPD. Relations between XPD and

attenuation that are developed for rain should not be extended to low
values of attenuation for this reason (Bostian and Allnut, 1979).
Data on rain depolarization at 4 GHz have been obtained by Y amada
et a. (1977), For such relatively low frequencies attenuation
values are low and are not useful for predicting XPD either as
previously mentioned. A treatment of XPD that differs from that
of Eq. (4.50) with respect to dependence on tilt angle r and canting
angle o and also includes a numerical treatment of the effects of
ice crystals is given in CCIR, 1986b. Note that a relation between
between ¥ of Eg. (4.50) and o is shown following Eg. (4.42).

4.5 BISTATIC SCATTER FROM RAIN

In considering the propagation of siginals through a region of
rainfall, interest commonlyenters on t endegree of attenuation of
signals propagating in thetorward direction. Another effect is that
rain scatters energy into all directions, with a resulting potential
for interference with earth-space or’ terrestrial line-of-sight tele-
communication systems. Such scatter is referred to as bistatic
scatter, using the term bistatic as in radar operations when
transmitter and receiver are at different locations.
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The process of bistatic scatter can be described as follows. The
power density P in W/m’at a distance R , from a transmitter having
a power output of W.watts and an antenna gain of G.is given by

‘ -I-G-I-
p = (4.51)
4TT(R1)2

At the location where the power density is P, consider a target
having a radar cross section of nV m°’where n is the cross section
per unit volume and V is the total volume taking part in the
scattering process. In the present case V is the common volume of
the transmitting and receiving antennas as shown in Fig. 4.18.

Considering the common scattering volume to be small so that
the distance from the transmitter to any part of it is R ; and the
distance from the recelver to any part of the volume is R,, the
common volume is presumed to radiate isotropically the power
incident upon it so that the received power Wk, intercepted by an

gntenna with an effective area of AR at the distance of Rz, is given

y

s (4.52)
(4m)? R)?(R)?

Making use of the relation between gain G and effective area A,
namely G = 4nA/N?, the equation can be put into the form

‘R G.G.,nV A\
— = (4.53)
CT (4m)® (Ry)?(R2)? L

where a loss factor L has been added to take account of attenuation
of the incident and scattered waves and any polarization mismatch.
Assuming for simplicity that Rayleigh scattering takes place, the
Cross section per unit volume n is given by
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r):

where Kc is the complex index of refraction of water at the

MK +2]

>2d° m?/m? (4.54)

frequency in question and summation is shnown over all of the drop
diameters d within a unit volume. This summation is Common]y
represented by the symbol Z so that

-—
—

3 C _i

K, +2
c

TTS

kY

2

z m?/m? (4.55)

Empirical relations have been derived between Z and rain rate R.
For the Laws and Parsons distribution

Z =

Figure 4.18.

400 R4

RI

(4.56)

ANTENNA ——->/‘ |

The cross-hatched area is a two-dimensional
representation of the common volume of the
transmitting and recelving antennas.
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with Z in mm8/m3. Another form of the relation betwen Z and R,

which is a dlight revision of the relation proposed by Marshall and
Palmer and is based on their drop-size distribution is

7 = 200 R1.6 (457)

In monostatic radar observations of rainfall n can be determined
from Eg. (4.53) and Z can then be determined from Eq. (4.55)
except ths for monostatic radar R ; and R, are the same and V is

proportional to distance squared so that WR/WT varies inversely

with distance squared if rain fills the common scatter'r_}g volume.
In Egs. (4.54) and (4.55), all lengths are in meters. ToO convert
from Z in m%/m?® to mm®/m3 for use in Egs. (4.56) and (4.57)
multiply by 1018.

For calculation of interfering signal levels one can assume rain
rates R and calculate A and n for insertion into Eq. (4.53).

4.6 CONCLUSION

Much of the interest in effects of precipitation on
telecommunications has been directed to frequencies above 10 GHz,
but the various models of attenuation due to rainare generally
applicable below 10 GHz as well. Attenuation and noise due to
recipitation may be important for frequencies as low as 8 GHz or
ower and may need to be taken into account for frequencies as low
as 4 GHz. = Depolarization, the production of cross polarized
components that have polarizations orthogonal to the original
olarizations, increases with attenuation above about 8 GHz. For
ower frequencies, differential phase shift rather than differential
attenuation tends to make the major contribution to depolarization,
and sigrificant depolarization may take place for frequencies as low
as 4 Blz. Backscatter from precipitation is important in radar
observations at frequencies as low as those of the L band (e.g. 1500
MHz), and bistatic scatter from rain is a potential source of
interference for telecommunication system operations at frequencies
this low as well as at higher frequencies.
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Water in the form of a thin layer or film over a radome or
reflector and as the tiny drops of clouds or fog, as well as in the
form of the larger drops of rain, can affect the performance of
telecommunications systems. It has been pointed out that a given
water content integrated along a path causes more attenuation when
the water is in the form of a thin slab than when it occurs as fog or
rain. Hogg and Chu (1975) used the water content of a slab 1 mm
in thickness, corresponding to a rain of 25 mm/h over a one-km
path or fog of 0.1 g/m’over a 10-km path, to illustrate this point.
Avoiding the use ofradomes and using blowers to eliminate water
mms are means for minimizing system degradation due to water
ilms.

Effects of clouds are considered in the following Chap. 5.
Among the effects are a dight range delay, above that due to the

gaseous constituents of the atmosphere. The same effect occurs for
rain, for which the excess range or time delay can be determined

1

from the real part of the complex index of refraction m, of Sec. 4.1 .

by taking fRe (m.-1)dl= [ (m,- 1) df, namely the integral of
the real part of m c minus one over the path. Further consideration

of range delay due to liquid water, whether of the tiny drops of fog
or the larger drops of rain, can be found in Sec. 5.1.

The companion NASA Reference Publication 1082 (03), which
applies to frequencies from { O to 100 GHz, povides extensive
coverage oéaqopagation effects caused by rain (E)polito, Kaul, and
Wallace, 1983).
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APPENDIX 4.1
1980 GLOBAL MODEL

For elevation angles € less than or equal to 10 deg in the 1980
G_Iobalb Model, it is stated that D, the horizontal extent of rain, is
given by

D=Ey (A 4.1)
with ' 2
) Cos 9 L, _ , H2

y=sn- i E (H,+ E)* sin"6 + 2EH, Hg)+Ho + Hg
o
_(H,+ E) sin 6 (A4 2)

The quantity E is the effective earth radius and the value of 8500
km corresponc%to k = 4/3 (Sec. 3.2, Table 3.2) is suggested.

o is the height o the O deg C isotherm, and H,isthe height of the
statlon

Also for 6 < 10 deg, the path length L is given by
1/2
L= (E+ Hg)2 + E + Ho)2 -2E+ Hg) (E+H) cos ¢
1

[ (A4.3)
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APPENDIX 4.2
TWO-COMPONENT MODEL

The vertical extent of each of the two types of rain considered in
the two-component mode is taken to be a function of latitude, For
convective rain cells, the height H.is given by

Ho = 3.4 -1.7sin[2(6°-45%] k m (A4.4)

where 6’ is latitude. For rain debris the height H q IS given by

(g = 28-19sin[2(6-45%] k m (A4.5)
The horizontal projections of these heights, D_and D,respectively,
are found for elevation angles greater than 10 deg from

D, = (H, - Ho)/ tan (A4.6)

g = (, - Ho)/ tang (A4.7)

where 6 is elevation angle and H_ is station height.  More
complicated expressions are given for‘angles less than 10 deg. The
horizontal extent WC of rain cells, taken to be 2.2 km

originally, is modeled in the revised version in accordance with

W, = 1.87 R™0- km (A4.8)
and for debris the horizontal variation of rain rate is modeled by
‘d = 29.7 R-0.34 km (A4.9)

The procedure for the two-component model involves
determining R and Dy as indicated above. Values of attenuation A

in dBare used to obtain initial estimates of R, namely Ri’ for rain
cells, and R, Is used in EQ. (A4.8) to obtain a value for W&
Likewise an intial value of R. namely Ra, is determined for
attenuation A due to debris rain and used to obtain a value for W g
Adjustments in W R, Wy, and R, are then likely to be required.
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For example, W, is replaced by W = Min of W_and D, and W\ﬂ}
replaced by W/ —Mmofwdand f) Add|t|onally |fCW >

where W.is based on modeling Of thickness, WC sr’edUCEd ‘0
W= Wr, , and if Wy > Wy *d"s reduced o:g» =) where
W Is based on thickness modehng Also if W_<D.a contribution
C of debris rain is added to the effect of the rain cell so that

whereas 6 1/(b -0.04) -
R, = 07 A cos (A4.10)
[ 1.87 a 1
| /b
C[LEA cos @ ] (A4. 11)
A W/ a
¢

The parameters a and b are those of g=aR with R therain rate.

Theprobabi [ ity Pe of the path intersecting araincelisfound
from

¢ =P( 1+ Dewe e N Re (A4.12)

where P.and R, are from tables provided and apply to the

particular rain- rote region in question.  The probability of
' ting debris | o
inrersec mg NS IS | In (( Rz/Rdi)

where Pc, Rd, and Sd are from tables and R ‘g ‘he final value ¢ .
debris rain rate. The parameters W and W’ are the final
values of what were originally desgnated as\Wand Wy Finally
the total probability P of attenuation greater than A B ISgiven by

P =P+ F (Ad.14)
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